Termites harbor a symbiotic gut microbial community that is responsible for their ability to thrive on recalcitrant plant matter. The community comprises diverse microorganisms, most of which are as yet uncultivable; the detailed symbiotic mechanism remains unclear. Here, we present the first complete genome sequence of a termite gut symbiont-an uncultured bacterium named Rs-D17 belonging to the candidate phylum Termite Group 1 (TG1). TG1 is a dominant group in termite guts, found as intracellular symbionts of various cellulolytic protists, without any physiological information. To acquire the complete genome sequence, we collected Rs-D17 cells from only a single host protist cell to minimize their genomic variation and performed isothermal whole-genome amplification. This strategy enabled us to reconstruct a circular chromosome (1,125,857 bp) encoding 761 putative protein-coding genes. The genome additionally contains 121 pseudogenes assigned to categories, such as cell wall biosynthesis, regulators, transporters, and defense mechanisms. Despite its apparent reductive evolution, the ability to synthesize 15 amino acids and various cofactors is retained, some of these genes having been duplicated. Considering that diverse termite-gut protists harbor TG1 bacteria, we suggest that this bacterial group plays a key role in the gut symbiotic system by stably supplying essential nitrogenous compounds deficient in lignocelluloses to their host protists and the termites. Our results provide a breakthrough to clarify the functions of and the interactions among the individual members of this multilayered symbiotic complex.
gut bacteria ͉ insect ͉ phi29 ͉ symbiosis T he termite gut harbors 10 6 -10 8 microorganisms comprising Ͼ300 species of protists, bacteria, and archaea (1) (2) (3) (4) (5) . These are mostly unique to termites and are essential, as a highly structured symbiotic community, for the host to survive on recalcitrant plant matter (1, (6) (7) (8) (9) . Although this symbiosis has long been attracting researchers for both basic and applied interests, the complexity and formidable unculturability of the gut microbiota have hampered clarification of the symbiotic mechanism. Among the as-yet-uncultivable gut symbionts, bacteria belonging to the candidate phylum Termite Group 1 (TG1) are common and often predominate in the gut microbial communities (8, 10, 11) . Recently, these TG1 bacteria have been identified as intracellular symbionts of diverse cellulolytic gut protists (10, 12, 13) . Because of its predominance, commonness, and specific localization confined to the gut protist cells, we assumed that the TG1 bacteria play a key role in the termite gut symbiotic system. However, TG1 is one of the Ϸ40 candidate phyla without isolated representatives (Fig. 1a) (5, 14) , and no physiological information have been obtained thus far.
In the present study, we aimed to acquire a complete genome sequence of the TG1 bacteria to clarify their functions, which will provide a breakthrough to disentangle the complicated symbiotic web. We targeted phylotype Rs-D17, which is found specifically within the cells of the cellulolytic flagellate Trichonympha agilis in the gut of the termite Reticulitermes speratus (3, 10) ( Fig. 1 b-d) . Approximately 4,000 Rs-D17 cells are housed within each host cell, accounting for 4%, in total, of all of the prokaryotic cells in the gut (10) . TG1 bacteria as a whole occupy Ϸ10% of the gut prokaryotic population in R. speratus (3, 8, 10) . To obtain a sufficient amount of DNA for the genome analysis, we applied an isothermal whole genome amplification (WGA) technique (15) to the target bacteria housed within a single host protist cell. Here, we report the first complete genome sequence of a termite gut symbiont, which belongs to a hitherto uncharacterized phylum, TG1, in the domain bacteria.
Results
Purity of Rs-D17 Bacteria from a Single Host Protist Cell. Because the host protists T. agilis are also as yet uncultivable and are expected to comprise heterogeneous strains, we physically isolated only a single host cell by micromanipulation so as to minimize the genomic variation of the intracellular symbionts. Further, to obtain Rs-D17 cells as purely as possible, we ruptured the posterior part of the host cell in buffer and collected a small portion of the bacterial cells that leaked out [supporting information (SI) Fig. S1 ]. This procedure was necessary because the host T. agilis cells harbor other intracellular and extracellular symbionts mostly localized anteriorly (10) (Fig. 1c) . The collected cells were directly subjected to isothermal whole genome amplification (WGA) (see Materials and Methods).
The purity of the amplified sample was checked by 16S rRNA clone analysis. Of 89 clones sequenced, 84 (94%) were affiliated to phylotype Rs-D17 with almost no sequence variation. The genomic variation within phylotype Rs-D17 was further investigated by clone analysis of the internal transcribed spacer (ITS) between the 16S and 23S rRNA genes. Of 48 clones sequenced, 40 had an identical sequence (771 bp), seven clones had a single base insertion to the sequence, and one clone had a single base mismatch. The insertions in the seven clones were identical: an additional guanine (G) to a 9-bp G stretch. These suggested that phylotype Rs-D17 consists of strains with only slight genome variations (genomovars) within a single host cell. In contrast, during the verification step of regions containing pseudogenes and duplicated genes (see below), significant differences were found in the Rs-D17 genomes between host cells, particularly in the length of their noncoding regions (0-15.8% difference) (see
SI Text).
General Features of the Rs-D17 Genome. From the amplified sample, we successfully reconstructed a circular chromosome consisting of 1,125,857 bp (Fig. 2) . The chromosome was completely covered by Sanger sequencing of shotgun clones and almost entirely covered by 454 pyrosequencing (giving 97.7% coverage and 42 ϫ redundancy). The sequence has little ambiguity or variation, and the high sequence redundancy excluded chimeras produced during WGA (16) . The chromosome encodes 761 putative protein-coding sequences (CDSs), one operon of rRNA genes, and 45 tRNA genes ( Table 1 ). The tRNAs exhibited 42 anti-codon sequence variations corresponding to codons for all of the 20 aa (Dataset S1). Three circular plasmids (11,650 bp, 5,701 bp, and 5,362 bp), which encode only CDSs showing no significant homology to sequences in any databases, were additionally reconstructed (Fig. S2) . Ninety percent of the fragments produced by 454 pyrosequencing were assigned to these Rs-D17 chromosome and plasmids. The replication origin of the chromosome was not readily determinable because of the absence of a clear transition point of the guanine/cytosine (GC) skew curve (Fig. 2) . The genome additionally contains surplus pseudogenes, up to 121, which is comparable with the genomes of the intracellular parasites Rickettsia (17) (Dataset S2). One of the pseudogenes is that for DnaA, which regulates the chromosome replication. We set the genome sequence number 1 on this dnaA pseudogene. Several regions containing pseudogenes and duplicated genes were verified by PCR directly from single host cells, bypassing WGA, to confirm that they are not artifacts produced during WGA (see SI Text).
Energy Metabolism. The predicted metabolic pathways of Rs-D17 are shown in Fig. 3 . Rs-D17 retains pathways for glycolysis, gluconeogenesis, and nonoxidative pentose phosphate biosynthesis but lacks the oxidative pentose phosphate pathway and most components of the tricarboxylic acid cycle. Glucose 6-phosphate (Glc-6P) in the host cell, which is imported by using a UhpC homolog, appears to be the major carbon and energy source. Thus, Rs-D17 spares its own adenosine 5Ј-triphosphates (ATPs) to phosphorylate glucose as in the intracellular parasite Chlamydia pneumoniae (18) . The energy production of Rs-D17 solely depends on substrate-level phosphorylation through fermentation of sugar to acetate. Rs-D17 lacks all of the components of a respiratory chain or of known substitutive mechanisms. Therefore, the F 0 F 1 -type ATPase is likely used to create the proton motive force and not for ATP synthesis. Nicotine amide dinucleotides (NADs) are recovered by producing hydrogen, ethanol and possibly D-lactate. The genome lacks genes for cytochrome oxidase, catalase and superoxide dismutase. These features clearly indicate that Rs-D17 is strictly an anaerobic fermenting bacterium. This is consistent with the physicochemical conditions inside the termite hindgut (19) .
Rs-D17 may also import fructose or other sugars by using a phosphoenolpyruvate-dependent sugar phosphotransferase system (PTS). However, because the HPr(Ser) kinase gene hprK is a pseudogene, regulation of carbohydrate assimilation does not work via this PTS. Interestingly, the allosteric pyruvate kinase in the glycolytic pathway lacks the carboxyl-terminal domain that binds to its activator. These findings exemplify the absence of most regulatory proteins or functions in Rs-D17.
Cell Wall Biogenesis and Defense Mechanisms. Many of the pseudogenes were categorized for cell wall biogenesis (Fig. 4) . Although the pathways for peptidoglycan biosynthesis appear functional, the lipopolysaccharide (LPS) biosynthetic pathway has been collapsed, with 25 pseudogenes remaining. Several related genes were also found disrupted, including lolA and lolC for lipoprotein transport and pal and tolB for outer membrane integration. Thus, Rs-D17 possesses a weak cell wall, which is obviously a result of adaptation to intracellular life protected by the host cell. Similarly, this bacterium has accumulated pseudogenes in defense mechanisms, such as restriction-modification systems and a multidrug exporter. Remarkably, only two of 26 restriction-modification systems remain intact; the others are merely pseudogenes or completely lack the restriction component. The presence of many remnants of restriction-modification systems and an apparently intact CRISPR system (20) implies that the ancestral genome may have suffered from invasion of exogenous genetic components, although only a few traces of phages in this genome remain.
Biosynthesis of Amino Acids, Cofactors, and Nucleotides. Despite its apparent reductive evolution, the Rs-D17 genome retains the ability to synthesize 15 amino acids and various cofactors ( However, because the glutamine synthetase gene glnA is a pseudogene, Rs-D17 must import glutamine. With the loss of GlnA, the ability to incorporate ammonia has become limited in Rs-D17, and correspondingly, the ammonium (or ammonia) transporter gene amtB was found to be a pseudogene. The purine and pyrimidine biosynthetic pathways remain intact. Their precursor, 5-phospho-␣-D-ribose 1-diphosphate (PRPP), is synthesized by ribose-phosphate diphosphokinase, whereas the phosphopentomutase gene in another biosynthetic pathway for PRPP was found to be disrupted. This exemplifies streamlining adaptation in this genome.
Genes Unique to Rs-D17. Of 761 putative CDSs on the chromosome, 59 (7.8%) showed no homology to any sequences in publicly available databases. Interestingly, one of them, gene TGRD1 on the chromosome shares 56-76% amino acid identity with TGRD2 and genes on each of the three plasmids, TGRDP1-1, TGRDP2-1, and TGRDP3-1 (Dataset S3). These genes may play an important role in this bacterium and strongly suggest that the three plasmids derived from the Rs-D17 bac- (Fig. S5 ). These include genes for key enzymes in anaerobic metabolisms, such as iron hydrogenase (HydABC), pyruvate-ferredoxin oxidoreductase, and pyrophosphate-dependent phosphofructokinase. The Rs-D17 genome retains abundant genes for DNA recombination and repairs such as xerCD, recA, ruvABC, uvrABCD, mutLS and others, as an exception among the intracellular symbionts (Dataset S5).
Discussion
This complete genome from a termite gut symbiont revealed the importance of provision of amino acids and cofactors by gut bacteria; the Rs-D17 genome retains abundant genes for biosynthesis of those compounds despite its reduced genome size. This coincides with the ecology of wood-feeding termites, which thrive only on nitrogen-deficient food, i.e., lignocelluloses. The gut microorganisms must be responsible for both fixation of atmospheric dinitrogen (21) (22) (23) and supply of all of the essential nitrogenous compounds that termites cannot synthesize. The recycle of uric acid by gut bacteria has also been reported, which minimizes the loss of nitrogen (24) . Moreover, a cellulolytic termite-gut protist reportedly requires dead bacterial cells of a specific strain as the nitrogen source for its growth when cultured axenically (25) . Considering that diverse gut protists harbor TG1 phylotypes specific to the respective host protist species (10, 12, 13), we suggest that the cellulolytic protists have exploited them as essential symbionts that stably supply adequate repertories of nitrogenous compounds required by each host species. The presence of the glnA pseudogene in the Rs-D17 genome in turn implies the contribution of the host protist to its symbionts. Although the detailed nutritional properties of the termite gut protists are unknown, glnA and genes for cysteine and pyridoxine synthesis, which Rs-D17 lacks, have been found among the few gene repertories related to amino acid and cofactor biosynthesis in a complementary DNA library of the protists from R. speratus gut (26) . This is indicative of the complementary metabolism between the host cell and symbionts as in aphid-Buchnera symbiosis reported (27) . Thus, the host protists likely provide the nitrogenous compounds that the symbiotic TG1 bacteria cannot synthesize, in addition to the safe habitat and the phosphorylated glucose. Then, these symbiotic complexes contribute to their host termites both by fermenting lignocelluloses and by supplying essential nitrogen sources (Fig.  5) . Although one might expect that intracellular symbionts of termite gut protists may participate in hydrolyzing lignocellulose, no known related enzymes were found in the genome of Rs-D17. This is consistent with a report on the termite gut protists Trichonympha sphaerica that were exceptionally cultivated (31) although possibly not axenic (25) . It was observed in this Cluster of orthologous group of proteins (COGs) analysis of functional genes and pseudogenes in the Rs-D17 genome. C, energy production and conversion; D, cell cycle control, cell division chromosome partitioning; E, amino acid transport and metabolism; F, nucleotide transport and metabolism; G, carbohydrate transport and metabolism; H, coenzyme transport and metabolism; I, lipid transport and metabolism; J, translation, ribosomal structure and biogenesis; K, transcription; L, replication, recombination and repair; M, cell wall/membrane/envelope biogenesis; O, posttranslational modification, protein turnover, chaperones; P, inorganic ion transport and metabolism; Q, secondary metabolites biosynthesis, transport, and catabolism; R, general function prediction only; S, function unknown; T, signal transduction mechanisms; U, intracellular trafficking, secretion, and vesicular transport; V, defense mechanisms.
Fig. 5.
Proposed schematic view of the function of TG1 bacteria in termite gut. Nitrogen is initially incorporated by some nitrogen-fixing bacteria, such as spirochetes (22) . Ammonia and some amino acids in the hindgut lumen (28) are then imported by protist cells. Within a protist cell, those nitrogen compounds, including glutamine, are then converted into a variety of amino acids and cofactors by the intracellular TG1 bacteria. The protist cells probably digest TG1 cells to use these compounds because an exporting mechanism, such as that discovered in B. aphidicola (27) , has not been identified in the Rs-D17 genome. The protist cells containing TG1 are then finally digested by termites during nutritional exchange via trophallaxis and by coprophagy among colony members (29) . Ingested lignocelluloses are fermented by protists to CO 2, H2, and acetate and by the symbiotic TG1 bacteria to H2 and acetate. CO 2 and H2 are then converted to acetate by reductive acetogenesis by acetogens, such as spirochetes (30) . Thus, ingested carbon sources are finally absorbed in the form of acetates by termites.
previous study that symbionts-depleted Trichonympha cells were able to ferment cellulose to acetate, hydrogen, and carbondioxide (31).
Our strategy, acquiring a complete genome from a small number of almost pure genomovars, enabled the precise identification of pseudogenes and duplicated genes without ambiguity. Because this genome sequence is from the as-yetuncultivable phylum TG1, there have been no reference genomes as confirmed by phylogenetic analysis based on the concatenated ribosomal protein sequences and by BLAST-based analysis of the putative CDSs (Fig. S6 and Dataset S6, respectively). Nevertheless, the surplus pseudogenes, which evidently indicate the lost functions, enabled us to elucidate how the adaptation process has been progressing in this bacterium. The Rs-D17 genome shares the known characteristics of obligately intracellular symbionts, such as small genome size, small number of RNA genes, streamlining adaptation, few repertories of available carbon and energy sources, a weak cell wall and loss of regulators, defense mechanisms, and transporters. Besides, the retained ability to synthesize various amino acids and cofactors has been found to be a common feature of mutually symbiotic ones (27, (32) (33) (34) (35) (36) (Fig. S7) . Thus, the present study demonstrated that a phylogenetically distinct intracellular symbiont of strictly anaerobic properties and of a unicellular eukaryotic host undergoes similar adaptation process with those of the known proteobacterial symbionts, which are aerobic and are harbored by multicellular eukaryotic hosts.
One of the known features occasionally found among the proteobacterial intracellular symbionts is absence of dnaA gene (32) (33) (34) (35) (36) . Because dnaA was found to be a pseudogene in the Rs-D17 genome, the loss of DnaA protein is considered to be a common trait in intracellular symbionts irrespective of their phylogenetic lineages. This might imply control of replication by the host cell or might simply be a consequence of streamlining adaptation by using recombination-dependent replication of the chromosome as a substitutive mechanism (37) . In any cases, Rs-D17 appears to have lost its ability to survive outside the host cell, indicating that the host protist has successfully domesticated the TG1 bacteria as highly specialized suppliers of the nitrogenous compounds. This protist-TG1 symbiosis seems also beneficial to the host termites because the net production efficiency of amino acids and cofactors of the TG1 bacteria with a reduced genome is probably higher than those of free-swimming gut bacteria.
The gene duplication on the chromosome is exceptional among the known intracellular bacteria. The duplicated genes for the amino acid and cofactor biosynthesis may enhance the ability to produce them as in Buchnera aphidicola, the primary symbionts of aphids that have plasmids encoding amplified genes for tryptophan and leucine biosynthesis (27) . Interestingly, six regions containing 10 genes in total were found duplicated in the chromosome (Fig. 2) , which share 100% sequence identity with their respective duplicates (Fig. S4 ). This clearly indicates that these duplication events have occurred recently. Taken together with the presence of numerous pseudogenes, it is likely that Rs-D17 is still in a dynamic process of adaptation as an intracellular symbiont of the gut protist. The gene duplications may have occurred by action of tyrosine recombinase XerCD and may have been maintained by the relatively abundant DNA repair systems (Dataset S5).
Reconstruction of a complete genome from uncultivable prokaryotes had previously been impossible, unless a large number of homogeneous target cells could be collected, as in the case of primary intracellular symbionts of insects. However, the present study demonstrates that only Ϸ10 3 prokaryotic cells are sufficient to practically yield a complete genome sequence from a natural environment. The acquisition of a complete genome is essential for elucidating the precise functions of and interactions among individual members of uncultivable microbial communities. Although conventional metagenomic analysis can provide a comprehensive view on a complex microbial community, it generally supplies poor information on symbiotic relationships among the community members. Our strategy will provide a breakthrough to clarify the detailed mechanism of the termite gut symbiosis, which is a model of multilayered symbiotic communities and may contain clues to industrial application, such as biomass energies.
Materials and Methods
Sample Collection. The wood-feeding termites R. speratus (Isoptera; Rhinotermitidae) were collected in Saitama, Japan. After being fed with cellulose powder for 3 days, the entire gut was removed from a worker termite and dissected in buffer (3) . A single cell of T. agilis (Parabasalia: Trichonymphida) was physically isolated by using a micromanipulator (Eppendorf; Transferman NK2). After several washes, the protist cell was transferred to 1% Nonidet P-40 in buffer. Bacterial cells that leaked out were collected with a glass capillary (15-m diameter). WGA was performed with a Repli-g Midi kit (Qiagen) for 8 h.
Purity Check of WGA Sample. The purity of the amplified sample was checked by clone analysis of 16S rRNA gene. PCR was performed with primers 27F (5Ј-AGRGTTTGATYMTGGCT-CAG) and 1492R (5Ј-GGHTACCTTGTTACGACTT), using a proof-reading DNA polymerase, Phusion (Finnzyme). The PCR program comprised an initial denaturation step at 98°C for 45 s, 18 cycles of denaturation (10 s at 98°C), annealing (1 min at 50°C) and extension (3 min at 72°C), and a final 10-min extension at 72°C. The product was purified by using a Monofas DNA purification kit (GL Science) and cloned by using a Zero Blunt TOPO PCR cloning kit (Invitrogen). For clone analysis of ITS, primers D17-TTS-FW (5Ј-AGTCGCCTAAGTTATGGTTG) and D17-ITS-RV (5Ј-AAGGCATTCACCATATGCAC) were used for PCR as described above with 15 cycles.
Genome Sequencing and Annotation. A hybrid sequencing approach was performed by using ABI 3730 sequencers and a GS20 pyrosequencing system (454; Life Sciences). Detailed sequencing procedures are described in SI Text. CDSs and tRNA genes were predicted and annotated by using the iMetaSys pipeline developed at RIKEN, as described in detail in SI Text. These computational predictions and annotations were then manually curated. Only sequences with Ն100 aa were regarded as putative CDSs unless significant homology was detected for the shorter ones. Pseudogenes were identified manually according to any of the following criteria: (i) corrections of mutations (frameshifts and/or nonsense) restored functional domains or conserved regions, (ii) lack of the initiation or termination codon, and (iii) lack of a large N-terminal or C-terminal conserved region. However, when a split or truncated CDS retained an intact functional domain, it was regarded as a functional CDS.
Verification of Pseudogenes and Duplicated Genes. PCR directly from single T. agilis cells, bypassing WGA, was performed to verify presence of pseudogenes and duplicated genes. PCR was performed for each host cell fixed in acetone, using Phusion with the following conditions: an initial denaturation step at 95°C for 2 min, 35 cycles of denaturation (10 s at 98°C), annealing (30 s at 52 or 60°C) and extension (2-4 min at 72°C), and a final 10-min extension at 72°C. PCR primers designed for these purposes are shown in Dataset S7, Dataset S8, and 
SI Text
Genome Sequencing. GS20 data from two sequencing runs were assembled by using GS20 Newbler assembly software, Version 1.0.52.06. The GS20 sequence contig data (120 sequence contigs Ͼ589 bp, total bases: 1,082,918 bp) were then incorporated into the Sanger sequence data as ''pseudoreads,'' using the Phred/ Phrap/Consed system (1-3). Gap closing and resequencing of low quality regions in the assembled data were performed by the nested deletion method (4), PCR, primer-walking and shattered insert libraries (5) . The Sanger and 454 sequencing (GS20 system) methodologies are described below in detail.
Sanger Sequencing. A shotgun plasmid library with an average insert size of 2-4 kb was constructed. The plasmid DNA was amplified with a Templiphi DNA Amplification kit (GE Healthcare), using an aliquot (Ͻ1 l) of the bacterial culture as a template. End sequencing was then carried out by using a BigDye terminator ver3 kit (Applied Biosystems). Sequencing products cleaned up by ethanol precipitation were run on automated ABI 3730 capillary sequencers (Applied Biosystems).
454 Pyrosequencing with the GS20 System. Genomic DNA from the WGA reaction was sheared by nebulization to a size range of 300-800 bp. After both ends of the DNA fragments were repaired and phosphorylated, two types of Adaptors (A and B), which were supplied with the GS20 DNA library preparation kit, were ligated to them. The DNA fragments carrying the 5Ј-biotin of Adaptor B in the ligation mixture were immobilized onto magnetic streptavidin-coated beads. By alkaline denaturation, the single-stranded template DNAs carrying Adaptor A at the 5Ј end and B at the 3Ј end were purified and amplified by an emulsion PCR method. After the amplified double-stranded DNAs on capture beads were denatured, these beads with single-stranded molecules were spread onto each well of a Pico Titer Plate.
Annotation. Protein-coding sequences (CDSs) were predicted and annotated by using an iMetaSys pipeline developed at RIKEN. It incorporates Glimmer v3.02 (6) and GeneMarkS (7) for gene prediction, and compiles the results into a single file. It also scans the terminal ends of the protein sequences to check for their completeness. Then, it carries out the functional annotation, using BLASTP (8) against the NR, SwissProt and COGs databases. PLHost (Jalaja Technology) was additionally used for the functional annotation. Ribosome-binding sites (RBSs) were predicted by using RBSfinder (www.tigr.org). RBSs were found for 88% of the CDSs and were used for correcting the CDS starting points, although the canonical RBS motif [-AGGAG-] was only rarely found (120 of 761 CDSs) similar to other intracellular symbionts, such as Buchnera aphidicola (9) and Blochmannia pensilvanicus (10) . tRNA genes were predicted by tRNAscan-SE v1.23 (11) . The replication origin and termination site were predicted by using Originx (12) .
Verification of Pseudogene Sequences. To confirm the presence of pseudogenes, several genome regions containing eight putative pseudogenes in total were amplified by PCR directly from single T. agilis cells without WGA (Dataset S7). The T. agilis cells were isolated from the gut of a worker termite by micromanipulation and divided into one cell per one PCR tube. The cells were fixed in 20 l of acetone and dried up at 80°C for 30 s. PCR was performed by using Phusion as described in Materials and Methods in the main text. Four primer sets per genome region were attempted, and two PCR products per region were chosen for cloning. Eight clones were sequenced for their respective PCR products. All of the eight putative pseudogenes were verified as pseudogenes by sequence analyses of the clones obtained from distinct host cells. In seven of the eight pseudogenes, at least one frameshift or nonsense mutation was shared among the reconstructed genome and the analyzed PCR products. In the remaining one, there were frameshifts at different positions from the reconstructed genome.
In addition to these eight pseudogenes, we attempted clone analysis of a genome fragment containing murG, which was found split into two predicted CDSs encoding intact N-terminal and C-terminal functional domains, respectively, in the reconstructed genome. By using the above methods, we found that both the split and intact type existed at a similar frequency in PCR products. The only difference was a single base deletion of adenine (A) in an A-stretch: (A) 11 in the intact murG and (A) 10 in the split gene. Because there were no variations in A-stretches of Ͼ9 in other amplified genes, it is unlikely that the deletion of A was caused by PCR error. Thus, we consider that both types actually coexist, and that the split type may also be functional. As a control, a region containing rplI and rpsR was analyzed in the same way, and was found intact in the two PCR products analyzed. Taken together with the fact that the identified pseudogenes were almost entirely confined to specific functional categories (Fig. 4) whereas their locations were disperse over the chromosome (Fig. 2) , it is most likely that they are true pseudogenes and not artifacts produced during WGA (13).
Verification of Gene Duplications. Six regions containing 10 genes in total were found duplicated in the reconstructed Rs-D17 genome (Fig. 2) . The duplicates locate separately, i.e., not in tandem ( Fig. 2 and Fig. S4) , and have identical sequences. The sequences of these 12 loci (six regions and their duplicates) were confirmed by primer walking of shotgun clones and additionally by clone analysis of PCR products from the WGA sample. The results showed that these duplications were not caused by assembly errors.
To confirm that they are not chimeric artifacts produced during WGA (13), we amplified each duplicate by PCR directly from single T. agilis cells, as described above. The specific primers used are shown in Dataset S8 and Fig. S4 . Each PCR produced a single band with the expected size for all 12 loci (data not shown). Of these, the region containing aroH, hisC and pheA was subjected to clone analysis as described in Materials and Methods, and we confirmed the presence and sequence of the duplicates. In addition, because the duplicates of the region containing genes for CoaD, tRNA-Ser and OstA-like were located proximal to each other, we attempted to amplify and clone a region containing parts of both duplicates (Fig. S4) . As a result, we confirmed that both duplicates existed in a single chromosome. Thus, it is most likely, with these series of evidence, that all pairs of the duplicates truly exist in the Rs-D17 genome.
It should be noted that these duplicates share 100% sequence identity, including noncoding regions. This is not only the case within the reconstructed genome. There is another example, where the sequences of the G 1 and G 2 regions (Fig. S4) , each amplified from different host cells, are identical. Thus, these duplicate events obviously have just recently occurred, indicating that dynamic rearrangements of the genome to adjust the bacterium into the symbiotic life are still in progress. The relative abundance of remaining DNA repair systems, compared with other intracellular bacteria, may contribute to the retained identity of the duplicated sequences. No intact transposable elements were found in the Rs-D17 genome, unlike in gut Bacteroides, which possess many duplicated genes adjacent to transposons or phages (14) . Instead, there are intact genes for the tyrosine recombinase XerCD, which may cause site-specific insertion of DNA segments. This integrase-like recombination machinery might have been involved in the rearrangements of this genome, including the duplications.
Genomic Variation of Rs-D17. As described in Results in the main text, Rs-D17 bacteria are nearly homogeneous within a single host protist cell. This was confirmed not only in the WGA sample, but also within the single host cells used for verification of pseudogenes or gene duplications. Except for murG (see above), almost all of the sequenced clones from the same host cell had identical sequences. Only one or two clones had a single base mismatch or indel, which may have been caused by PCR error. In contrast, during those verification experiments we found sequence variations of Rs-D17 among the host cells. These variations were particularly conspicuous in noncoding regions; the sequence dissimilarity in those regions (not including pseudogenes) was 0-15.8%, most of which were due to large indels. When an indel event was counted as one mismatch, the difference was 0-3.3%. In functional genes, the sequence dissimilarity was as low as 0-1.4%. Considering that the host protist cells used for the sequence comparisons were collected from a single termite gut, the genomic variation among different guts or distinct termite colonies may be even greater.
Plasmids. In addition to the 1.1-Mb chromosome, we reconstructed three circular plasmids of lengths 5,362 bp, 5,701 bp, and 11,650 bp (Table 1 and Fig. S2 ). These plasmids contain only predicted genes for hypothetical proteins that have no homologous genes or known functional domains in publicly available databases. However, the CDSs TGRDP1-1, TGRDP2-1, and TGRDP3-1, on each respective plasmid are homologous not only to each other, but also to TGRD1 and TGRD2 on the Rs-D17 chromosome (Dataset S3). Besides, the N-terminal region (Ϸ60 aa) of TGRDP2-2, TGRDP3-3, and TGRDP3-5 on the plasmids shares 82-90% amino acid sequence identity with TGRD3 on the chromosome. These strongly suggest that all of the reconstructed plasmids are derived from Rs-D17 bacteria. Their GϩC contents, Ϸ35% (Table 1) , are also consistent with one another and with that (35.2%) of the chromosome. The estimated copy number of the plasmids per chromosome is shown in Dataset S9. The functions of these homologous proteins remain to be investigated.
G؉C content. Very low GϩC content is one of the common traits of obligately intracellular bacteria and a few free-living bacteria that have a very small genome size (Dataset S2). In Rs-D17, the chromosome has as low as 35.2% GϩC content, which is consistent with this trait. However, lack of comparable reference genomes of free-living relatives makes it impossible for us to conclude whether the low GϩC content is attributable to its intracellular habitat or not. To better understand this issue, we compared the GϩC content between three categories of genomic regions: CDSs, pseudogenes, and noncoding regions. We hypothesized that the GϩC content would be lowest in the noncoding regions and lower in pseudogene regions than in CDS regions if strong selective pressure to lower the GϩC content exists in this genome. In the Rs-D17 chromosome, the GϩC contents are 36%, 33%, and 32% in concatenated CDSs, pseudogenes, and noncoding regions, respectively. These values appear to follow our hypothesis, whereas the differences are not great. Further, average GϩC contents are 44, 34 and 30% at the first, second, and third codon positions, respectively. This also supports our hypothesis that predicts lower GϩC content at more variable sites. Thus, it is suggested that Rs-D17 has a tendency to lower the GϩC content of its chromosome, although comparisons with free-living relatives are necessary to prove it. GϩC content was calculated by using the EMBOSS package (15).
Annotation Table. A list of CDSs, RNA genes, a CRISPR, and pseudogenes found in the Rs-D17 may be found in Dataset S10. Reactions not identified from the genome are also shown in gray. Because these missing enzymes also have not been identified in several other bacterial groups, we believe these pathways are still functional by yet unidentified enzymatic reactions. The genes indicated in green are duplicated in the genome. Because there are two additional aminotransferases for which substrates are unidentified, some other amino acids may also be synthesized.
Fig. S4
. Duplicated regions in the Rs-D17 genome. Six regions (E-G, P-R) were found duplicated (designated pairwise as E1, E2, F1, F2.). Duplicated regions are shown with red bars and the contained CDSs are shown in yellow. The presence of these loci (12, in total) was confirmed by PCR amplification for each locus with specific primers (Dataset S8) directly from single host protist cells. The PCRs were performed with one primer inside the duplicated region and one outside the region to confirm the presence of the region in the genome. In addition, primer pairs flanking the duplicated regions were used to confirm that there was no genome variation that lacks the duplicated regions. The regions indicated with blue bars were sequenced to confirm that the contained genes are intact and are not pseudogenes. 
Fig. S6.
A maximum-likelihood tree of bacterial phyla based on a concatenated sequence of 38 ribosomal proteins. Ninety-six bacterial species, each representing a genus, were used. The set of ribosomal proteins was retrieved from the RibAlign (19) and National Center for Biotechnology Information databases. The alignment was performed by using ClustalW (20) and will be provided by the authors upon request. The framework tree was constructed by using PHYML 2.4.4 (21) with the substitution model WAG ϩ G ϩ I. The reliability of the tree topology was tested by 100 bootstrap resamplings with the WAG model. The topology of the minimum evolution tree constructed by using MEGA4 (22) was basically concordant with the framework tree. The 38 ribosomal proteins used were RplA-F, RplI-X, RpmA, RpsB-I, RpsK-M, RpsO, and RpsQ-S. The result confirmed the deep-branching of Rs-D17 among the domain Bacteria. This was also supported by MEGAN (23) analysis of the genome fragments produced by 454-pyrosequencing, which demonstrated that bacteria showing the highest similarities to the fragments in BLAST (8) analysis distributed among diverse taxa and were not concentrated to a specific bacterial group (data not shown). 
